We demonstrate a new concept for reconfigurable microfluidic devices from elementary functional units. Our approach suppresses the need for patterning, soft molding and bonding when details on a chip have to be modified. Our system has two parts, a base-platform used as a scaffold and functional modules which are combined by 'plug-and-play'. To demonstrate that our system sustains typical pressures in microfluidic experiments, we produce droplets of different sizes using T-junction modules with three different designs assembled successively on a 3 × 3 modular scaffold.
Microfluidics is based on the manipulation of fluid at small scales. 1, 2 Over the past 20 years, by miniaturization and automatization, new experiments have become feasible, from the manipulation and assay of single cells, [3] [4] [5] [6] genes, 7, 8 or enzymes 9 to the manipulation of complex multicellular organisms [10] [11] [12] and reconstitution of artificial organs. 13 An essential ingredient in the development of microfluidics is rapid prototyping by soft-lithography which provides microfabrication methods to produce microfluidic chips with an almost infinite number of degrees of freedom. 14, 15 By miniaturizing fluidic components down to the micro-meter scale, many functional modules can be integrated on a single chip -be it for single phase flow or multiphase flow -towards specific preprogrammed actions. 6, [16] [17] [18] However, the flexibility at the core of the soft-lithography techniques relies on manufacturing capabilities such as clean rooms found in specific laboratories and in technological industries equipped with state-of-the-art microfabrication techniques. The lack of availability of microfluidic chips is very often a hurdle that limits small business units or academic laboratories to develop microfluidic tools suitable for their needs. The electronic industry -which in the past provided the technological basis for soft lithography 14 -provides here again the basic idea for a novel rapid prototyping method. Electrical test boards are indeed common in many laboratories to design, create and test electric circuits from a finite set of functional elements, such as power supplies, resistances, inductances, transistors, capacitors, and memory among others. Although limited in functionalities, these elements can be assembled at will to produce complex functionalities over the whole circuit board. We introduce here a new concept of modular microfluidics based on a plug-and-play construction, analogous to the electrical test boards. The concept of the system is based on the combination of microfluidic modules which are pre-manufactured and assembled separately in a platform. Users can define the structures of the microfluidic devices and easily change a detail of the chip without the need to redo a photolithography step. Our chip-oriented rapid prototyping method can contribute to the standardization of microfluidic devices: 19 large series of functional elements can be manufactured, with the integration of the final chip being the task of the end-user. We show an example based on droplet production in which the same platform is used to produce droplets of different sizes by simply replacing the functional element, demonstrating a reconfigurable, leakage-free system for multiphase flow working at a typical pressure reached in microfluidic chips. The system is composed of a micro-machined rigid platform (the scaffold) and elastic modules which are fabricated by conventional soft lithography in polydimethylsiloxane (PDMS, the functional units) as described in Fig. 1 . The scaffold is made of two polymethylmethacrylate (PMMA) thin sheets (3 mm thick). In one of the plates, two sets of parallel lines with a width of 500 μm and a height of 500 μm are micromachined using a high precision drill (DMU 50, DMG Mori Seiki). The plate is then bonded to the second flat PMMA sheet of the same thickness (3 mm) by thermal bonding processes. Before bonding, the PMMA plates were plasma-treated in an O 2 plasma-chamber (Diener) for 30 s at 0.4 mbar and 140 W. The bonding was performed at a temperature of 98°C, with an applied force of 5 kN for 30 min (P/O Weber). The scaffold was then cooled down to room temperature at a rate of approximately −1°C min −1 to slowly relax the thermal stresses.
9 through holes (diameter 4.6 mm) were drilled in the scaffold and the scaffold was cleaned with ethanol to remove the debris generated during the drilling process. The functional modules are fabricated by standard soft lithography 14 in a 25 μm deep SU-8-3025 resist by directing UV light through a transparent mask (Selba, Switzerland). The mask is designed with circular alignment marks and connection branches spaced by 90°angles from the center of the circle. Fig. 1(c) shows the functional unit made for example of injectors and outlets (A), linkers (B, C), a T-junction (D), a flow-focusing junction (E), and incubation lines (F). Each module carries a specific connectivity to the scaffold, blocking undesired connections. The SU-8 structure is then replicated in polydimethylsiloxane (PDMS) from the master. Connection holes are punched in the PDMS if required by the design, for example in the case of inlets and outlets. A second PDMS slab is cast on a flat wafer and both PDMS slabs are bonded together after O 2 -plasma treatment. The PDMS functional units are cut using a 5 mm diameter biopsy punch. Alignment of the channels with the biopsy punch is crucial here to guarantee the alignment of the channels of the functional units with the channels of the scaffold. The diameter of the scaffold holes was chosen after optimization, testing through hole diameters ranging from 4 to 5 mm with 100 μm steps. The final combination of 5 mm (biopsy hole) and 4.6 mm (scaffold hole) diameters provides a tight sealing between the PMMA scaffold and the PDMS module. We used a 3 × 3 PMMA scaffold and a set of functional modules to produce droplets at a T-junction. We used four functional modules assembled as shown in Fig. 2(a) . The PDMS modules are lubricated by fluorinated oil prior to insertion into the scaffold. The rotational tolerance for alignment between the channel on the scaffold and the structure on the modules is given by the channels of the scaffold and modules. The rotational tolerance was calculated as 12°based on the geometrical dimensions (Fig. 2(g) ). The translational tolerance is mainly defined by the eccentric error during the fabrication of the module (Fig. 2(h) ). The tolerances are sufficient to make the connection alignment by eye (for the perpendicular alignment tolerance, see Fig. S1 . †). The expanded channel design at the interface of the module and platform, and the additional align-key around the module help with the alignment during plug-in. Fig. 2(a-f) show examples of different modules which are integrated with the platform without any additional alignment tools.
To show the plug-and-play capability of our method, we demonstrate droplet production by assembling two inlet modules for the aqueous phase and oil phase, one outlet module and a T-junction module (Fig. 3(a-e) ). We used water and fluorinated oil with a surfactant (HFE7500 (Novec) with 0.5% PEG-PFPE block-copolymer (Sigma-Aldrich, custom synthesis) as the emulsification system. By replacing the T-junction module with three different nozzle sizes of 100 μm, 60 μm and 40 μm, droplets with different sizes were successfully produced as shown in Fig. 3(f-h) . To evaluate the production reliability, the system was tested with different flow rates. Fig. 3(i) shows the frequencies of the production with a fixed flow rate of 10 μL min −1 for the water phase and flow rates in the range of 10-100 μL min −1 for the oil phase.
We demonstrate here the concept of the integration of microfluidic systems with a chip-oriented approach. The most critical issue for the creation of functional units is punching off-center. The error of the punching position will cause misalignment between the functional modules and the scaffold. Here, we performed the punching process using a very crude alignment procedure using a paper guide having the size and pitch of the design. Even with this procedure, properly functional systems are obtained, because the tolerance is finally given by the dimensions of the channels of the scaffold. However, it is clear that mass production of single elastomeric elements and mechanical control of the punching will reduce this limitation. The second limitation is the size of the scaffold, currently limited by the size of the thermal bonding system used here. Optimizations of the scaffold design, e.g. having a hexagonal arrangement of the holes, could increase to~25 the number of functional units that can be integrated. Here again, our system would benefit from large scale integration, which is in principle accessible with minor engineering improvements. Only the size of the scaffold will determine the final size of the chip, which could therefore be of a much larger size than what is currently accessible in soft-lithography.
The advantages that we have shown on tuning the droplet size can be further extended to other aspects, such as having localized wettability alterations, which would make the production of double emulsions relatively straightforward. The single functional units could be made available as hydrophilic or hydrophobic, in addition to having several dimensions. Our system can also provide solutions for on-chip storage modules, valves and three-dimensional assembly. Electrodes for sorting and coalescence could also be inserted for example using the microsolidics technique, 20 and the modules currently fabricated by standard soft-lithography could be manufactured by other means (for example xurography 21 ). Our system is reminiscent of the one proposed by Rhee et al. 22 and Langelier et al. 23 and similar functional modules can be designed. However, we solve here the limitations linked to (i) the leakage of fluids since our connections are tight for the typical pressures found in experiments (typically of order 1 bar, see Fig. S2 †) and (ii) the reversibility of the assembly process since our modules are inserted on-demand by hand in the scaffold. Our approach also solves technical difficulties linked to the need for intermediate connecting blocks in the previously described SmartBuild systems 24 and small feature sized structures. 25 The mechanical stability of our system is determined by the PMMA scaffold and dead-volumes between the elements are also minimized. We believe that our system will find applications as an educational system or as a platform for crowd-sourcing 26-29 optimization of devices or innovation through entertaining microfluidic games. 30 In this case, molding techniques could be used to convert the simple round shape of our functional units to more attractive shapes as previously proposed. 22 In summary, we demonstrate a system for chip-oriented rapid prototyping making use of a PMMA scaffold and functional PDMS units. The system provides tight connections between functional elements for customer-oriented integration of microfluidic chips. The system is technologically interesting as the functional units are simple and can in principle be mass produced while the integration by the user will lead to an almost infinite set of possible devices, testable in a very short time and at low cost.
